To inform recommendations for the exercise component of a healthy lifestyle intervention for adults with obesity and treated obstructive sleep apnoea (OSA), we investigated the total energy expenditure (EE) and cardiorespiratory response to weight-supported (cycling) and unsupported (walking) exercise. Individuals with treated OSA and a body mass index (BMI) > 30 kg/m 2 performed an incremental cardiopulmonary exercise test on a cycle ergometer and a treadmill to determine the peak oxygen uptake ðVO 2pk Þ. Participants subsequently completed two endurance tests on each modality, matched at 80% and 60% of the highestVO 2pk determined by the incremental tests, to intolerance. The cardiorespiratory response was measured and total EE was estimated from theVO 2 . Sixteen participants completed all six tests: mean [SD] age 57 [13] years and median [IQ range] BMI 33.3 [30.8-35.3] kg/m 2 . Total EE during treadmill walking was greater than cycling at both high (158 [101] vs. 29 [15] kcal; p < 0.001) and moderate (178 [100] vs. 85 [59] kcal; p ¼ 0.002) intensities, respectively, with similar cardiorespiratory responses and pattern of EE during rest, exercise and recovery.
Introduction
Obesity is increasing in prevalence across the socioeconomic spectrum, with currently over one-third of adults being overweight and over one-tenth being obese worldwide. 1 Although obese individuals who maintain their fitness have a lower cardiovascular mortality than their unfit counterparts, 2 the majority of obese individuals are less physically active than those of normal weight and do not achieve the recommended levels of physical activity to maintain health. 3, 4 The inactivity associated with obesity may be compounded in the presence of obstructive sleep apnoea (OSA), itself known to be associated with fatigue and inactivity, which persists even when the OSA has been effectively treated with continuous positive airway pressure therapy (CPAP). 5 The presence of OSA among obese individuals is also an independent risk factor for cardiovascular disease 6, 7 such that those with OSA and obesity have a higher morbidity and mortality than those with obesity alone. 8, 9 Therefore, there is interest in developing lifestyle interventions that target both weight loss and cardiorespiratory fitness, for adults with obesity-related OSA, with the aim of reducing long-term cardiovascular risk. [10] [11] [12] Health organizations have merged recommendations on diet, physical activity and obesity 13 acknowledging that a healthy lifestyle is better realized by a combination of diet and exercise than by diet alone. [14] [15] [16] However, although many studies have compared different diets and their impact on weight loss 17 few have investigated which exercise training modality is the most effective for individuals with obesity to achieve healthy weight loss whilst improving cardiovascular fitness. 10 Weight loss attributable to exercise will be directly proportionate to the energy expenditure (EE) that is, work, whilst cardiorespiratory fitness, as measured by peak oxygen uptake ðVO 2pk Þ, responds to exercise training in a dose-like fashion 18 and a minimum intensity is required for an effective fitness program. Adults with obesity can exercise safely at moderate (60%VO 2pk ) and vigorous (80%VO 2pk ) intensities. 19 However, increasing exercise intensity decreases the tolerable duration of exercise exponentially and can compromise the goal of negative energy balance for weight loss. 20 Although the ideal modality for adults with obesity requires significant EE whilst stimulating improved fitness, the relationship between intensity, modality, exercise tolerance and total EE in this population remains unknown. In healthy individuals, it is established thatVO 2pk achieved on an incremental cycle test to intolerance is slightly lower, 90-100%, 21 to that achieved on a corresponding treadmill test. In adults with obesity, however, walking may increase the weight bearing energy demands so much it causes early fatigue and termination of the exercise. If so, the tolerability of continuous weight bearing exercise, that is, a typical training session, may be too short to induce the benefits of training. Therefore, cycling has been recommended in the initial stages of a fitness training program until weight bearing activities, such as walking, can be more easily achieved. 22, 23 Lafortuna et al., however, proposed that walking might be the best way to increase total EE but their data did not investigate tolerability or sustainability of exercise. 24 In order to better inform recommendations for exercise, this study evaluated whether weightsupported exercise (cycling) was associated with a greater total EE at a matched aerobic intensity to intolerance compared with unsupported exercise (walking) in adults with obesity and treated OSA. We hypothesized that individuals with obesity would sustain cycling for longer than walking, resulting in their achieving greater work, due to the weight being supported with cycling.
Methods

Study design
This was a cross-sectional study (clinicaltrials.gov NCT01930513) approved by the local ethics board (JREB2010-10). After providing written informed consent, each participant completed six tests by attending four assessment visits each separated by at least 48 hours. The first two visits comprised, in random order, an incremental treadmill (ITM) and cycle (ICE) test. The third and fourth visits comprised, in random order, two constant speed tests on a treadmill and two constant power tests on a cycle ergometer. Age, gender, height and weight were documented and spirometry completed. 25 
Participants
Individuals with a BMI > 30 kg/m 2 were recruited from a sleep clinic. All patients had OSA treated with CPAP for at least 3 months. As part of their referral for sleep apnoea patients underwent a medical evaluation. Individuals with chronic lung or heart disease diagnosed by history, examination or pulmonary function tests or other conditions that might interfere with exercise, were excluded.
Incremental exercise
The purpose of the incremental test was to determinė VO 2pk , observe the systemic response and sensations to the tolerable range of power, as well as to establish the relationship betweenVO 2 and power for the individual. Predicted peak power was estimated using age, height, weight and gender. 26 Both protocols were designed to achieve a linear response inVO 2 and achieveVO 2pk at 10 minutes. 21 The treadmill protocol 27 uses a linear increase in walking speed and a curvilinear increase in grade to produce a linear profile of power andVO 2 previously demonstrated in individuals with obesity. 28 Walking was performed on a treadmill (Trackmaster TMX425, Full Vision Inc., Newton, Kansas, USA). Cycling was performed on a semi-recumbent ergometer (Angio LD917904, Lode.nl, the Netherlands) to accommodate the body habitus and to prevent premature cessation of exercise due to saddle discomfort. Expired gas analysis was measured breath by breath (Oxycon Pro 808302; Erich Jaeger GmbH, Wurzburg, Germany) to determine,VO 2 ,VCO 2 andVE. Heart rate (HR) via electrocardiography, oxygen saturation (forehead sensor, Nellcor Max Fast, Pleasanton, California, USA), blood pressure (BP) and the modified CR-10 Borg scale 29 for breathlessness (BS) and leg effort (LE) were assessed before and during the test. The anaerobic threshold (AT) was estimated using the modified v-slope method supported by gas exchange and ventilatory criteria. 30 
Constant power exercise
The purpose of the constant power tests was to observe the tolerability of exercise and measure the EE achieved at two recommended training intensities (simulating exercise training sessions) with the different modalities. Two constant speed treadmill tests and two constant power cycle tests were performed, in separate sessions, at a matched intensity of 80 and 60%VO 2pk defined as the highestVO 2 observed during the incremental tests. The relationship betweeṅ VO 2 and power was used to set the appropriate mode specific power to achieve the same cardiorespiratory intensity ðVO 2 Þ on the cycle and treadmill constant power tests ( Figure 1 ). The vigorous intensity test was always first with at least a 20 minutes rest before the moderate intensity test. Participants were asked to perform the tests until exhaustion or to a limit of 40 minutes. Measurements were the same as the incremental tests including expired gas analysis, HR, oxygen saturation, BP and, BS and LE.
EE for exercise and recovery phases was estimated from the measuredVO 2 assuming an energy equivalent for oxygen of 5 kcal (21 kJ) per 1 L of oxygen uptake. 31 The totalVO 2 for the duration of the phase was calculated by integratingVO 2 , minus the average restingVO 2 , over time (the area under the curve above rest). The recovery phase was identified objectively; recovery started at the end of exercise and ended when theVO 2 returned to steady-state resting level confirmed by a zero slope in theVO 2 over time after the end of the recovery phase. 32 The total EE was defined as the sum of the exercise and recovery EE.
Statistical analysis
The baseline demographics are presented as mean (SD) for normally distributed variables and median (interquartile [IQ] range) for variables not normally distributed. The peak parameters for the ITM and ICE were compared by paired t-tests for parametric data and Wilcoxon rank test for non-parametric data.
The EE of the constant power tests was analysed using a repeated measures analysis of variance (2 Â 2) with factors of intensity (moderate and vigorous) and modality (treadmill and cycle). In the event of significant effects, post hoc comparisons were made using paired t-tests for parametric data and Wilcoxon rank test for non-parametric data.
A qualitative visual comparison of the average cardiorespiratory response was produced by smoothing individual tests into epochs of 10% increments of the test duration (i.e. deciles) using a negative Figure 1 . An example of how the power was calculated for the constant power tests from the incremental treadmill (triangles) tests and cycle (circles) tests. TheVO 2 (solid reference line) was highest ðVO 2pk Þ on the treadmill test; 80% and 60%VO 2pk were 2168 and 1626 mL minute À1 , respectively. Therefore, the power for the cycle endurance tests at 80% and 60%VO 2pk were 134 W (circled 1) and 87 W (circled 2), respectively. The power for the endurance treadmill tests at 80% and 60%VO 2pk was 102 W (circled 3) and 54 W (circled 4), respectively. The respective grade and speed for treadmill exercise was derived from the original protocol. In this case it was 9% grade at 4.2 km hour À1 and 8% grade at 2.9 km hour À1 .VO 2pk : peak oxygen uptake;VO 2 : oxygen uptake. exponential data transformation and then calculating the group mean at each decile.
Sample size was determined to ensure adequate statistical power to test the hypothesis of a significant effect of modality on exercise tolerance resulting in greater work. The estimated standard deviation of the difference in exercise time in repeated constant power exercise is 2.8 minutes. 33 A difference of 3.4 minutes would be considered a large effect. 34 We used a more conservative approach, medium effect (2.1 minutes), to ensure an adequate sample size. To reject the null hypothesis of no difference between modality using a two-tailed paired t-test (power ¼ 0.80 and significance level ¼ 0.05) of dependent means, we estimated that 16 participants needed to complete this study.
Results Participants
Eighteen patients agreed to participate. One was excluded due to undiagnosed COPD and another sustained an injury at home. Sixteen participants completed all six exercise tests (Table 1) .
Incremental exercisė
VO 2pk achieved on the cycle ergometer was 78.3[10.1] % (p < 0.001) of that achieved on the treadmill (the treadmillVO 2pk was higher than the cycle ergometer for all participants).Comparisons of parameters at peak exercise are shown in Table 2 .VO 2 was lower throughout cycling compared to treadmill (Figure 2 ),VE and HR were higher, whereas the respiratory exchange ratio was not different. BS and LE were higher for cycling than for treadmill walking throughout ( Figure 3 ) and there was a greater level of LE at the end of cycling compared with treadmill. Overall, there was no significant difference in the self-reported limiting symptom (LS) at the end of exercise between ICE and ITM (p ¼ 0.29). LE was the LS in 13/16 participants for ICE compared to 6/16 for ITM. BS (7/16) was the commonest LS for the ITM test.
Constant power exercise-simulated training sessions
The protocol resulted in a linear increase inVO 2 during ITM and ICE which enabled calculation of the power setting to achieve 80% and 60%VO 2pk for both cycling and walking (Figure 1 ). Participants endured treadmill walking at 80% and 60%VO 2pk for four and nearly three times as long, respectively, compared to cycling (Table 3) with similar cardiovascular responses. The pattern of EE during rest, exercise and recovery at matched intensities ( Figure 4 ) was similar between modalities. A comparison of exercise, recovery and total EE between treadmill walking and cycling is summarized in Table 3 . The total EE was four and almost three times greater for treadmill walking than cycling at matched metabolic intensity.
Discussion
The optimal exercise prescription (the interactive effect of modality and intensity), to improve fitness and promote healthy weight loss, is unknown for adults with obesity. We measured EE and cardiovascular responses during two simulated exercise training sessions and noted that at a matched intensity the attainable total EE was greater during walking than cycling, for both vigorous (80%VO 2pk ) and moderate (60%VO 2pk ) intensities, as participants could sustain walking for considerably longer. As many individuals with obesity also have OSA, an independent cardiovascular risk factor, we chose to enrol participants in whom the potentially confounding effect of concomitant untreated OSA on exercise tolerance had been removed. Our observations project that a thrice weekly treadmill exercise regimen would result in a greater EE of 388 and 277 kcal/week, at 80% and 60%VO 2pk , respectively, compared with cycling. The central cardiovascular stimuli were significantly higher for vigorous treadmill walking than cycling and similar between the two modalities for moderate intensity exercise. The total cost of walking, projected to about 500 kcal/week for both moderate and vigorous exercise, is a meaningful contribution to the recommended negative energy of approximately1000 kcal/week for healthy weight loss. 35 These projections are an estimate for a long-term training programme and do not take into account any changes in the rate of EE over time relating to weight loss or exercise economy. The role of exercise should be placed within the context of the broader lifestyle intervention of calorie restriction and increased utilization to achieve weight loss but also improve cardiorespiratory fitness in this population. 13 Despite similar reductions in body weight and fat, those who participate in caloric restriction plus regular exercise also improve insulin sensitivity, low-density lipoprotein-cholesterol and diastolic BP compared with those managed by caloric restriction alone. 13 The mechanisms causing obesity are multifactorial and complex, and must be managed with more than a simplistic energy in minus energy out equals net energy balance, approach. However, there is still merit in 'burning calories' as effectively as possible for the reasons outlined and a negative energy balance is a factor which is easily understood and modifiable at an individual level.
To measure EE at comparable absolute cardiorespiratory intensities we matched the test intensity by oxygen uptake rather than by mode specific intensity of mechanical power or a physiological surrogate, for example, HR, for oxygen uptake. The former will be influenced by differences in movement economy between modalities. Whereas HR-based estimates oḟ VO 2 have been used to select speed and grade 36, 37 for the exercise prescription, this approach is not without error as HR can be increased during cycle compared to treadmill testing. 24 We used a treadmill protocol 21 which produced a linear increase inVO 2 , similar to cycling, facilitating ( Figure 2 ) the matched intensity which resulted in a similar pattern ofVO 2 response between modalities (Figure 3) , such that total EE was determined by exercise tolerance. Although we had expected that the extra body weight, accelerating heavier arms and legs plus the effect of weight redistribution on gait, would limit walking tolerance, 23, 24 we observed that cycle exercise was less well tolerated and LE was significantly higher at the end of the shorter cycling sessions compared to walking in both tests. Whether this might be associated with local muscle fatigue compromising exercise tolerance remains to be explored.
Although the absolute aerobic capacity of this group was high, it was low relative to their body weight, with aVO 2pk of only 68% and 85% predicted in the ICE and ITM tests, respectively. Cardiovascular impairment (slope of the HR vs.VO 2 andVE vs.VCO 2 ) was not identified in any participants (Figure 2 ) but the HR pk was lower than predicted, suggesting peripheral deconditioning. This supports previous data which showed similar responses to maximal exercise testing between adults with obesity compared to obesity-related OSA. 38 In the current study, the ICEVO 2pk was significantly less (<80%) than the ITM, a difference greater than reported (90-100%) among healthy groups 21 but similar to the difference Porszasz reported (ICE 81% of ITM) using the same treadmill protocol among a group of healthy non-obese but sedentary participants. 27 Importantly, we have uniquely identified the unappreciated substantial practical implication of this modality effect on endurance time at equivalent metabolic intensity. VO 2 is an indirect measure of EE and is more accurate when steady state is achieved which rarely occurs during vigorous exercise. In our participants, theVO 2 increased until symptom limitation during vigorous intensity tests as well as during moderate intensity on the cycle (Figure 4 ). We assessedVO 2 in recovery to account for the oxygen debt (the difference between the totalVO 2 in excess of the resting V O 2 during the recovery period) in order to correct for EE not captured by exerciseVO 2 in the non-steady state. However, theVO 2 kinetics were similar between modalities at matched intensities (Figure 4 ) and the relatively small inaccuracy in the estimation of EE would not account for the large differences in total EE reported.
As OSA is common in the population with obesity and often undiagnosed, we circumvented this potential confounder by recruiting patients with OSA successfully treated with CPAP. Our study did not include non-obese control participants as it was designed to inform the exercise prescription by comparing modalities at matched intensities, among participants with obesity. Nor did it include individuals with obesity but without OSA or those with untreated OSA. Although in the absence of specific cardiopulmonary limitations it is unlikely that individuals with obesity but without OSA would respond differently from our population, the generalization of our observations to other populations should be independently confirmed. In individuals with obesity and confirmed OSA, the latter is promptly managed but the concomitant lifestyle modifications designed to reduce cardiovascular risk are much less frequently addressed. 39 As our study population was limited to participants with a BMI of mainly 30 to 40 kg m À2 our observations may not directly extrapolate to Class III obese (BMI > 40 kg m 2 ) individuals. We do note that the three participants with a BMI >40 kg m À2 had similar responses to the main group. Our observations may also not extrapolate to individuals with obesity and concomitant chronic respiratory disease, frequently referred for exercise training, in whom the ventilatory limitations to incremental exercise testing may be unaffected by the testing modality. 40 We have focused on the desirable outcomes of EE and cardiovascular response from endurance exercise bouts, but other factors such as individual preference, comfort and risk of injury may impact on exercise adherence and therefore outcome of longer term training.
We acknowledge, that, by design, the vigorous test was always completed first as it was predictably the shorter test. The factor of interest, however, was 'modality' and its order was randomized. The two endurance tests were completed on the same day due to participant preference during the protocol development. Figure 4 shows that the EE had returned to baseline before the subsequent test. Although there was potential for these two factors to bias the results, the magnitude of the differences between the moderate and vigorous tests would suggest that the impact was minimal. We used a semi-recumbent position for the cycle ergometer to ensure that discomfort from an upright cycle was not the limiting factor. There are some reports that show that there may be a slightly lowerVO 2pk compared to an upright cycle, 41 but the differences are very small and could not account for the very large differences we have shown between the cycle and walking tolerability. We specifically chose to evaluate a matched metabolic intensity rather than a modality specific intensity to allow direct comparisons of the primary fitness stimulus. This led to the cycle tests being conducted at a very high intensity but demonstrated the modality/intensity relationship we wanted to investigate. Although typically exercise programs choose between 60% and 80% of the modality specific intensity as a surrogate for oxygen uptake, we can extrapolate that the cardiorespiratory stimulus would be lower during cycling compared to walking at an equivalent mode-specific intensity.
In summary, individuals with obesity and treated OSA tolerated treadmill walking at moderate to high intensities better than cycling resulting in greater EE, with increased or similar cardiorespiratory responses. This observation may inform their exercise prescription to contribute to a negative energy balance whilst stimulating cardiorespiratory fitness. Although current guidelines for obesity suggest the equivalence of modalities, 19 the above observations would support walking as the preferred training modality for achieving the combination of weight loss and increased cardiorespiratory fitness. Figure 4 . A comparison of the energy expenditure between weight-unsupported (treadmill) and -supported (cycling) exercise in adults with obesity. Treadmill (triangles) and cycling (circles) at high (a) and moderate (b) intensity exercise. The shaded area under the curve represents total energy expenditure, that is, work, above rest including recovery. Dashed line -represents VO 2pk . VO 2pk : peak oxygen uptake.
